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STEREOLOGICAL ANALYSIS OF GLIAL CELL SUBTYPES IN THE 
PRIMARY VISUAL CORTEX ACROSS THE LIFE SPAN OF RHESUS 
MONKEYS 
 
MAALAVIKA RAGUNATHAN 
 
ABSTRACT 	  
 The normal aging process is accompanied by mild declines in visual function in 
both humans and non-human primates, independent of ocular deficiencies, indicating an 
involvement of structures in the central visual pathway. Studies examining loss of 
cortical neurons as a potential explanation have concluded that neuron numbers are 
largely preserved with age both in visual cortex and as well as other cortices. In contrast 
to the stability of neuron numbers with age, a significant increase in the total number of 
glia was found in the infragranular layers of the primary visual cortex, in rhesus monkeys 
(Giannaris and Rosene, 2012). Unpublished data indicates that increase in glial density is 
correlated with decreased visual function assessed by the behavioral performance metric. 
In order to understand the basis of glial increase with age in the rhesus monkey, we used 
immunohistochemistry to parcellate the total number of glia in primary visual cortex into 
three subtypes:  microglia with Iba1, astrocytes with GFAP and oligodendrocytes with 
Olig2. These were then quantified using unbiased stereology in a subset of 12 animals 
whose ages ranged from young to old (6 male and 6 female), from the original study of 
26 monkeys. Adding together all three subtypes in the current subset of animals showed a 
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modest but non-significant trend toward the increase observed in the larger sample of 26 
animals. In this study, examining the three subtypes showed no significant increase and 
the total number of glial cells was found to be unchanged with age.  A definitive answer 
to how the different subtypes contribute to the overall increase in glia will require 
analyzing the remainder of the full data set.  
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INTRODUCTION 
 
Aging 
Aging is characterized by a gradual but continuous loss of physiological functions 
as well as responses that involve all of the organs and tissues. Multiple alterations both 
structural and cellular are said to constitute the substrate for age-related loss of function. 
However, the losses are more pronounced in the functions that depend on integrated 
responses of the central nervous system (Gilad and Gilad, 1995). Several studies 
conducted in humans suggest that normal aging strongly correlates with morphological 
alteration of cortical structures (Raz and Rodriguez, 2006). These structural changes 
could be linked to potential visual defiticts accompanying normal aging. As of 2004, the 
number of individuals with visual impairments aged 60 years and older was estimated at 
3 million (EDPRG, 2004). Many of the causes for these impairments include curvature of 
the cornea, hardening of the lens, dilator atrophy and liquification of the vitreous humor 
(Salvi et al., 2006). While these changes contribute towards the severity of deficits that 
result in lack of visual function, there exists evidence that visual impairment is associated 
with ability to remain independent with increasing age (Rubin et al., 1994).  
 
Neuron numbers and functional brain aging 
The age related changes are variable, in that they are produced in several regions 
of the brain in the anatomy of neurons (Burke and Barnes, 2006) as well as with volume 
and tissue density (Hedden and Gabrieli, 2004). A decrease in cortical grey matter 
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volume (Koo et al., 2010), dendritic and synaptic alterations with neurons, loss of 
integrity of myelin sheaths in white matter (Peters et al., 2002) have all been documented 
with old age. But with reference to neuronal numbers, results were inconsistent. 
Historically, 25% of the neurons that declined in number were reported in the visual 
cortex of humans (Brody, 1955). Other studies suggested a generalized loss of neurons in 
the cerebral cortex, estimated in around 40% at later ages (Brody and Vijayshankar, 
1977). The aforementioned studies on even the same regions of the cortex by different 
investigators produced conflicting results. A source of conflict could be the difference in 
methods to compare neuronal density since that is the basis of the comparison between 
young and old brains from which one draws conclusions about neuronal losses (Peters et 
al., 1996). In 1985, Haug disproved that notion and found no significant decrease in 
neuronal number in an analysis of 120 human brains. Since then, in examining areas such 
as the entorhinal cortex and hippocampus recent studies in both non-human primates and 
humans have come to the same conclusion (Merill et al., 2000; Keuker et al., 2003). A 
recent stereological analysis of total neocortical neuron number in human subjects 
revealed sex to be a more powerful predictor of total neocortical neuron number than age 
(Pakkenburg and Gundersen, 1997). Hence aging studies performed in non-human 
primates supported the above studies and proposed that there was no cortical neuronal 
loss in normal aging (Giannaris and Rosene., 2012; Hara et al., 2012).  
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Glia in aging 
  Although changes in neurons have largely been studied in aging, glial changes 
have been neglected because of the general assumption that glial activation is secondary 
to neuronal degeneration (Finch, 2003). Studies have postulated an increase in the total 
glial population in monkeys (Brizzee, 1975; Hansen et al., 1987) but Haug in 1984 
argued against these reports by attributing the losses to shrinkage of the brains of older 
individuals, during preparation of tissue for microscopic examination. Over half the 
volume of the human brain is constituted by glial cells such as astrocytes, 
oligodendrocytes and microglia (Barres, 2008) and they have been found to play multiple 
and important physiological roles (Frederickson, 1992). They are largely subdivided into 
three types: microglia, astrocytes and oligodendrocytes.  
In humans, no age-dependent glial cell loss was found in the medial mammillary 
nucleus (Begega et al., 1999) and and the same was also reported in mice (Heumann and 
Leuba, 1983). Studies on glial cell densities on human frontal cortex found a higher ratio 
of glia to neurons (Sherwood et al., 2006). Interestingly, a non-stereological study on 
neocortical cell counts reported a neuronal loss with age but an increasing number of glial 
cells (Terry et al., 1987). The study utilized fifty-one brains from clinically and 
neuropathologically normal individuals from the age of 24 to 100 that were examined 
with an image-analysis apparatus combined with manual and automatic editing capacity.  
Apart from studies discussing changes in total glial cell population, Vaughan and 
Peters in 1974 examined the auditory cortex of mature rats and found little change in 
astrocytes and oligodendrocytes but a 65% increase in microglial cells. In the 
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hippocampus of the aging mouse, no changes were observed (Long et al., 1998). 
Diamond et al in 1977 examined the occipital cortex of rats and found no change in 
astrocytes or oligodendrocytes with age, but they did not measure the number of 
microglial cells. An increase in the number as well as size of astrocytes was observed in 
the CA1 subfield of hippocampus and in the frontal cortex, in mice. (Amenta et al., 
1998). In non-human primates, it was found on average that the ratio of neuroglial cell 
profiles to nerve fiber profiles in the optic nerve is more than doubled in the old animals 
(Sandell and Peters, 2002). An increased expression of the MHC clas II antigen, a marker 
for microglia, has been found in white and grey matter with increasing age (Sheffield and 
Berman, 1998).  There was a suggestion from an earlier study of monkey visual cortex 
that there is an increase in the number of oligodendrocytes with age, but too few monkeys 
were examined to produce acceptable statistical data (Peters et al., 1991) In layer 4Cb, 
comparison of young and old monkeys found no increase in astrocytic profiles, yet a 
slight but not significant increase in microglial cells, and a 53%increase with age in the 
numbers of oligodendrocytes.  
Giannaris and Rosene in 2012 conducted a stereological analysis of the total 
number of neurons and glia in the primary visual cortex across the life span of rhesus 
monkeys.  Using NeuN as a marker for neurons, and counterstaining with Nissl for glial 
recognition, their analysis showed a significant increase in the total number of glia with 
aging, restricted to the infragranular zone of V1. Comparing young, middle and old aged 
monkeys (from ages 7.4 to 31), they observed a 21.2% increase in the total number of 
glia, which was absent in the other laminar zones of V1. In another study involving all 
	  	   5	  
layers of area 17, it was found that the proportions of glia were: astrocytes 57%; 
oligodendrocytes 35%; and microglia 7% (Peters et al., 1991). These values were similar 
to the overall proportions reported for the entire monkey visual cortex, as reported by 
O’Kusky and Colonnier in 1982. Despite the multiple studies performed to understand 
the age-related glial increase, it still remains unknown as to the particular subtype of glia 
that is increased. It is also noticeable that most of the studies of effects of aging on glial 
populations appear to only have been done on rodents and very little evidence exists 
about the behavior of the total number of neocortical glial cells as a function of age.  
 
Importance of glia in health and disease 
• Microglia constitute about 10% of CNS glia (Hanisch and Kettenmann, 2007) and its 
functions in health and in disease are not clearly known. They are derived from 
uncommitted myeloid progenitor cells that invade the brain neonatally (Santambrogio et 
al., 2001). Although these cells are known to display some phagocytic ability, so far they 
do not appear have the strong phagocytic ability exhibited by activated macrophages 
(Barres, 2008). Activated microglia are known to secrete high levels of many cytokines 
that control the function of lymphocytes and macrophages. But it is not known if this 
increased activation may be due to challenges to the immune system or simply a result of 
normal aging. They are rapidly activated following a number of pathological 
eventsincluding altered neuronal function, infection etc. and this activation results in a 
migration of these cells to the site on insult (Smith et al., 2012; Blandino Jr. et al., 2006). 
But microglia have been found in a highly activated state in close proximity to senile 
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plaques in the Alzheimer’s disease brain and this results in production of various 
proinflammatory cytokines and other immune mediators that crease a neurotoxic milieu 
leading to disease progression (Akiyama et al., 2000; Wyss-Coray., 2006). 
• Astrocytes can be divided into two main classes based on their morphology and location, 
and most likely differ in some of their main functions: protoplasmic and fibrous. They 
secrete many signals that control synapse formation and function. An important role for 
astrocytes is in sealing the blood brain barrier after brain injury (Bush et al., 1999) and 
because the barrier is formed postnatally simultaneously with astrocyte generation. 
Reactive astrocytosis accompanies several neurological diseases and although is it clearly 
beneficial in encapsulating infections and sealing damaged barriers, there are also many 
ways it has been found to be harmful.  
• Oligodendrocytes are responsible for producing myelin and hence provide insulation and 
trophic support to neurons. They are generated by oligodendrocyte progenitor cells 
(OPCs) that migrate from their germinal zones during development and after injury to 
regions where axons are unmyelinated in order to ensheath them (Barres., 2008). Several 
diseases involve demyelination, such as multiple sclerosis where oligodendrocyte 
function and white matter are affected significantly. It has been reported that the atrophy 
of white matter in such cases decrease myelination (Lintl and Braak, 1983).  
Altered glial cell phenotypes are observed in every brain injury and disease. In the 
cerebral cortex, with aging, all three glial subtypes accumulate inclusions in their cell 
bodies that are characteristic for each cell type when examined with an electron 
microscope (Peters et al., 1994). Previous counts indicate that in the cortex, astrocytes 
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account for about 50% of the total population and their numbers do not increase with age 
(Peters et al., 1991). Microglia account for 7.6% of the neuroglial cell profiles in young 
monkeys, but with age, their numbers increase to 9.4% (Peters, 2002). Oligodendrocytes 
have also been shown to have a 50% increase with age (Peters et al., 2008). Interestingly, 
a study in the hippocampus of mice showed an increase in the proliferation of astrocytes 
and a decrease in the total number of oligodendrocytes as well as microglial cells during 
aging (Hayakawa et al., 2007). In humans, a study conducted by Pelvig et al in 2007 on 
total neocortical number revealed interesting results. Firstly, they found number of 
oligodendrocytes decreases by 27% in adult life from 20 to 90 years, which supports the 
interaction between neuronal activity and number of oligodendrocytes (Fields, 2004). 
They found a surprising increase in the number of microglia by age in females that was 
found to correlate with results in mice (Mouton et al., 2002). However, the number of 
astrocytes seemed to remain constant over age. But they were open in accepting that the 
results of the study were not in agreement with the studies conducted on non-human 
primates in area 17 that a showed a distribution of approximately 57% astrocytes, 35% 
oligodendrocytes and 7% microglial cells (Peters et al., 1991).  
 
Aims 
Since very little is known about the behavior of total number of glial cells as a 
function of age, the present study has been undertaken to identify the subtype of the glial 
population found to increase with aging, in area 17. Area 17 is the largest cortical area 
and covers approximately 17% of the total brain surface area (Van Essen et al., 1981). It 
	  	   8	  
extends beyond the lateral surface of the occipital lobe and is separated from the parietal 
and temporal lobe by two sulci: lunate and inferior occipital. The Brodmann scheme 
defined the laminar zones in area 17 based on differences and variations in size and 
distribution of cells from one layer to another. In following his scheme, the infragranular 
zone is equivalent to layers V and VI. Given the localized increase (Giannaris and 
Rosene, 2012) the present study quantified glia by examining the infragranular zone in 
aging rhesus monkeys. They proved that numbers of glia appeared to be preserved when 
examining area 17 as a whole and in analyzing the supragranular and granular zones 
separately. But the difference in the infragranular zone with age was observed even in 
light of a high degree of individual variability.  Although an increase in glia in the 
infragranular zone of area 17 was observed, identification of change in a particular 
subtype might elucidate the functional significance of the increase that is observed in 
aging. The aim of this study was to use immunocytochemical and stereological methods 
to examine the different types of glial cells in the infragranular layers to test the 
hypothesis that the increase in glial cells with age is cell-type dependent.  
 
Use of non-human primate models in aging studies 
The rhesus monkey model is advantageous to study normal aging, for several 
reasons. The lifespan of the monkey is shorter than humans (Tigges et al., 1988). Exact 
birth dates are known, since the monkeys being studied were born and raised in captivity. 
This is essential to study aging.  Since there is no indication that monkeys acquire 
Alzheimer’s disease, it does not act as a confounding factor in determining effects of 
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normal aging. Most importantly, of all available species used in laboratory research, the 
non-human primate brain is morphologically most similar to humans.  
 
Methods used in the current study 
A combination of immunohistochemical labeling and design-based stereology 
was used to distinguish between the 3 subtypes of glia. Determining of the cell type was 
solely done on identification of the label and morphology. Sensitive and robust antibodies 
directed against specific cell type markers were used.  Astrocytes were defined as cells 
with a round and pale nucleus with extensive processes. They were labeled using glial 
fibrillary acidic protein (GFAP), which is the most widely used and reliable marker of 
astroglia (Bignami and Dahl., 1988). Microglia cells were defined by a small elongated or 
comma-shaped nucleus with dense peripheral chromatin (Korbo, 1999). They were 
labeled with Iba1, a macrophage/microglia specific protein (Sasaki et al., 2001). It has 
been demonstrated that Iba1 expression increased when microglia were activated, 
suggesting that Iba1 plays an important role in activation. Oligodendrocytes were 
characterized by a small rounded or oval nucleus with dense chromatic and a perinuclear 
halo (Baumann and Pham-Dinh, 2001). They were marked with Olig2, which reliably 
marks cells of oligodendrocyte lineage (Marie et al., 2001). Stereology employs 
systematic, uniformly random sampling in order to produce reliable, quantitative 
information about the whole structure of interest. The important features to obtain 
estimates of numbers are that a) all parts of the region under consideration have an equal 
probability of being sampled and b) objects are directly counted in a known volume of 
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tissue without having to make assumptions about size, shape or orientation (Geinisman et 
al., 1996). This will result in an unbiased estimation of numbers. In almost every 
neurological disease, glial cells are central contributors, yet their roles are often neglected 
(Miller, 2005). Hence studying changes in their numbers with aging will bring us one 
step closer to understanding how glial pathology contributes to neuronal dysfunction 
(Lobsiger and Cleveland, 2007). 
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MATERIALS AND METHODS 
 
Subjects 
         The present study utilized tissue blocks from twelve rhesus monkeys (Macaca 
mulatta), out of which 6 were male and 6 were female. They were estimated to be 
between the ages of 7.4 and 31, based on the number of years since the onset of sexual 
maturity. The subject data is summarized in Table 1. The monkeys were housed at the 
Laboratory Animal Science Center at Boston University, prior to perfusion to preserve 
the brains. All animal procedures were performed according to the guidelines of the 
National Institutes of Health and were approved by the Boston University Institutional 
Animal Care and Use Committee (IACUC).  Of the twelve monkeys used in this study, 
eleven had already completed a battery of behavioral tasks to assess learning, memory 
and cognitive function.  
 
Table 1 – Subject data _________________________________________________________________________________________________	  	  	  
Subject           Sex       Age       Perfusate              Hemi- Supplier Brain 
  sphere              weight        (g) 
________________________________________________________________________ 
AM222 M 7.4 Krebs+4% PFA         Right           YNPRC     87.2 
AM255 F 9.5       4% PFA           Right           YNPRC             76.7 
AM194 F 11.9       4% PFA           Right           YNPRC      76.6 
AM195 F 12.1       4% PFA           Right           YNPRC      80.2 
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AM158h M 16.8       4% PFA           Right              VA  82.3 
AM250 F 18 Krebs+4% PFA         Right           YNPRC      73.1 
AM153h M 19.4       4% PFA           Right             VA  84.2 
AM216h M 19.7 Krebs+4% PFA         Right          TNPRC      94.2 
AM242 M 23.5 Krebs+4% PFA         Right          YNPRC     77.1 
AM179 F 23.6       4% PFA           Left          UPSM      79.6 
AM110 M 25.8       4% PFA           Right          YNPRC     90.4 
AM104 F 28.9       4% PFA           Left          YNPRC      78.8 
________________________________________________________________________ 
 
Tissue preparation 
           The monkeys were tranquilized by an intramuscular injection (10mg/kg) of 
ketamine and anesthetized by an intravenous injection (15mg/kg) of sodium 
pentobarbital. Following exsanguination during transcardial perfusion of the brain, the 
animals were perfused with either Krebs-Henseleit buffer at 4°C, followed by 4% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.2-7.4) or in only paraformaldehyde 
solution. The perfused brains were blocked in the coronal plane to yield an occipital lobe 
block containing the primary visual cortex (area 17) for analysis. All of the tissue blocks 
were placed in graded solutions of glycerol, flash frozen in 2-methylbutane at -70°C and 
then stored at -80°C until further use (Rosene et al., 1986).  
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Antibody characterization and optimization 
          To accomplish labeling of the three main subtypes of glia (microglia, astrocytes 
and oligodendrocytes) the three markers used were carefully chosen and optimized. The 
Iba1 antibody recognizes the 17 kDa Iba1 protein that is specifically expressed in 
microglia, but not in neurons, astroglia or oligodendroglia, both in vitro and in vivo (Ito 
et al., 1998). DAB reaction product on Iba1-immunostained sections was observed in the 
cytoskeleton at membrane ruffles and at sites of phagocytosis. GFAP is the major protein 
constituent of glial filaments in differentiated astrocytes (Eng, 1984) and the monoclonal 
antibody chosen reacts with the 55kDa protein to label the cytoskeleton of astrocytes. 
GFAP is the most common molecular marker used for the identification of astrocytes and 
is readily detectable.  SG stained immunopositive cells was observed as a blue-gray 
product distributed more densely in cellular processes. Olig2 is a recently identified 
transcription factor involved in the specification of cells in the oligodendroglial lineage 
(Marie et al., 2001). The anti-Olig2 antibody is stained with VIP, which is localized in 
the nucleus. All three antibodies selectively labeled their respective cells, leaving neurons 
and endothelial cells unlabeled from immunostaining. Negative controls that lacked 
primary antibody were run simultaneously with all experimental sections and no 
immunopositive staining was observed. 
           The antibodies used were all optimized for immunohistochemistry according to 
their antibody concentration (Table 2), incubation time, number of wash cycles and 
development time in their respective chromogens. Each variable was optimized, one at a 
time for validity of the assay. The primary antibodies used were raised in three separate 
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species (goat, rat, rabbit) and the secondary antisera used were raised in species other 
than those of the primaries. This was done to prevent cross labeling that could occur due 
to inappropriate binding of the secondaries to more than one primary during subsequent 
steps (Anderson & Reiner, 1990). 
 
Table 2 – Antibody optimization for immunohistochemistry 
________________________________________________________________________ 
Antibody against     Raised in        Dilution     Chromogen         Region of interest 
 
        Iba1                     Goat  1:10,000        DAB         Infragranular zone of V1 
      GFAP                     Rat  1:1000  SG         Infragranular zone of V1 
      Olig2                   Rabbit             1:1000            VIP         Infragranular zone of V1 
________________________________________________________________________ 
 
Tissue processing for Immunohistochemistry 
            Coronal sections of the occipital lobe blocks were cut into frozen sections at 
30µm using a sliding microtome. Free floating sections were collected in vials containing 
15% glycerol in 0.1M phosphate buffer (pH 7.4) and then stored at -80°C until further 
processing.  
            In order to perform immunohistochemistry, vials containing one eighth of a series 
of the occipital block were removed from -80°C for each of the 12 subjects. The vials 
were then warmed to room temperature and processed at the same time. All steps were 
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performed with agitation and at room temperature unless indicated otherwise. For 
immunohistochemical triple labeling using antibodies against Iba1, GFAP, and Olig2, 
freely floating sections were initially washed in 0.05M tris-buffered-saline (TBS, pH 6.0) 
in order to remove the cryoprotectant. The sections were then placed in 3% hydrogen 
peroxide for 30 minutes to quench endogenous peroxidases and rinsed in TBS before 
blocking for 2 hours using SuperBlock® (#37515, Thermo scientific) before being 
transferred into a primary antibody solution containing the goat monoclonal anti-Iba1 
antibody (1:10,000, #5076, Abcam) which is the first label. The sections were then 
incubated overnight at 4°C.  
           The following day involved rinses with TBS after every incubation. The sections 
were initially treated with a biotinylated rabbit anti-goat secondary antibody (1:600, BA 
5000, Vector) for 2 hours and then incubated with an avidin-biotinylated horseradish 
peroxidase enzyme complex (1:200, Vectastain Standard ABC kit, PK 4000, Vector) for 
1 hour. For labeling of anti-Iba1, sections were processed with 3,3-diaminobenzidine 
tetrahydrochloride (DAB, 0.05%) with 3% hydrogen peroxide. The DAB stained sections 
were then blocked in 10% normal goat serum and 0.4% Triton X-100 before being 
incubated with the second label, in a solution containing the rat monoclonal anti-GFAP 
antibody (1:1000, #130300, Life technologies) and microwaved for 3 minutes at 22°C, 
250W. The tissue was agitated at room temperature for 5 minutes and microwaved under 
the same conditions again before overnight incubation in the primary antibody at 4°C.  
           The procedure for the following day was similar to that of the first label, except 
the sections were treated with a biotinylated goat anti-rat secondary antibody (1:600, BA 
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9400, Vector) for 2 hours. On incubating the sections with ABC, they were labeling using 
an SG substrate kit for 10 minutes (Vector SG peroxidase substrate kit, SK 4700, Vector) 
to obtain a blue reaction product. The sections were thoroughly rinsed to get rid of the 
chromogen and once again blocked with 10% normal goat serum and 0.4% Triton X-100 
to initiate labeling of the third marker. They were incubated in solution containing the 
rabbit polyclonal anti-Olig2 antibody (1:1000, #136253, Abcam) and left overnight at 
4°C. All of the steps leading up to development of the third label were similar to those of 
the first two. The secondary antibody used was a biotinylated goat anti-rabbit (1:600, BA 
1000, Vector) and the sections were labeled using a purple colored chromogen – VIP 
substrate kit for 3 minutes (Vector VIP peroxidase substrate kit, SK 4600, Vector). The 
triple immunostained sections were mounted on gelatin-coated slides and allowed to air 
dry. Sections were then dehydrated using a series of graded ethanols (25%-100%), 
cleared in xylene and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).  
 
Region of interest 
          The three different types of glia in the infragranular zone of area 17 were counted 
using design-based stereological methods. The primary visual cortex, or striate or V1 
corresponds to Brodmann’s area 17. In the rhesus monkey, this area occupies the largest 
cortical area and covers approximately 13% of the total brain surface area (Van Essen et 
al., 1981). It is separated from the parietal and temporal lobe by the lunate and inferior 
occipital sulci. Medially, V1 can be found along the border of the calcarine sulcus that 
runs along the occipital lobe, as seen in Figure 1. This region is starkly different from all 
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other adjacent regions due to the presence of the myelinated band of axons that form the 
stripe of Gennari. Using Brodmann’s scheme, V1 was divided into 6 layers – Layer I, II, 
III, IV (a/b/c), V and VI.  
           To obtain stereological estimates of total number of glial subtypes from the 
infragranular zone of an entire region of V1 must be available for sampling. The region 
of interest was defined as follows: the superior boundary was the inferior boundary of 
layer IVc or identified as the stripe of Gennari, and the inferior boundary ended at layer 
VI, just as white matter was observed. The infragranular zone comprises layers 5 and 6 of 
the Brodmann’s layering scheme and the cells of this area extend into layer 4 as well as 
deep into the white matter. 
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Figure 1 
 
 
 
Figure 1 taken from Saleem and Logothetis., 2012. Region of interest – area 17 is marked 
in purple and indicates the boundary between areas V1 and V2.   
 
Design-based Stereology 
           Design-based stereological methods, the Cavalieri principle and the optical 
fractionator were used to estimate the total and individual number of glial cells in the 
infragranular zone of V1. The optical fractionator is the combination of the optical 
dissector counting with the fractionator sampling and is a popular and efficient method to 
estimate the total number of objects by sampling a known fraction of a) sections 
throughout the region of interest; b) area of each section and c) thickness of each section 
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(West et al., 1991). This method is unbiased and hence no assumptions need to be made 
about the size, shape, orientation or distribution of the objects being counted.  
           The sections being analyzed were blind coded to prevent any investigator bias. 
The StereoInvestigator software (version 8.21.7, MBF Bioscience, Williston, VT) was 
used to outline the region of interest using a 4x Nikon Plan objective on a Nikon Eclipse 
E600 microscope. Counting of the cells was performed with a 100x Nikon Plan Fluor oil 
objective. The sections to be counted were chosen from the series at regular intervals and 
each of them was analyzed such that the identification of all three types of glia was 
optimized. Appropriate immunostaining was observed for all three labels and was readily 
distinguished. The criterion for counting glia was as follows: 
1. Microglia - appearance of the brown DAB immuno-product in the cell body displaying a 
ramified morphology  
2. Astrocytes – blue/black product outlining the star shaped cell body labeling all the main 
stem branches  
3. Oligodendrocytes – labeled cells displayed pink nuclei that were round to oval and 
smaller than other neuroglia.  
 
Estimation of volume 
            The volume of layer V and VI of area 17 were determined with the Cavalieri 
method using the following formula: 
V = ΣP * aP * D 
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With the Cavalieri Method, a grid on the sections viewed at low magnification using a 4x 
objective and the number of intersection points that fell within the infragranular zone was 
counted. This is the ΣP, which was then multiplied by the area per point (aP) and then by 
the distance between the sections (D). A 750µm x 750µm grid was used for the current 
study that analyzed one in every 80 sections, each 30µm thick, with a distance of 2.4mm 
between sections.  
 
Estimation of total number 
            The total number of glia in the infragranular zone was obtained using the formula 
by West et al., (1991) for the optical fractionator: 
N = ΣQ * 1/ssf * 1/asf * 1/tsf, 
where Q is the number of objects counted. The section-sampling fraction (ssf) is the 
number of sections counted divided by the total number of sections containing the region 
of interest. The area-sampling fraction (asf) is the area of the counting grid relative to the 
area of the counting frame. The thickness-sampling fraction (tsf) is the ratio of the 
dissector height to the thickness of the section. Thickness measurements of the tissue 
were made at each counting site for all samples. Table 3 shows the stereological 
parameters used for the current region of interest. A guard zone of 1 micron was used, 
above the dissector box. Objects that touched any of the green lines were included and 
those that touched either of the red lines were excluded.  
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Table 3 – Stereological parameters 
 
 
Region of interest          Section     Grid           Counting      Dissector         Guard 
 interval       spacing           frame           height            volume 
________________________________________________________________________ 
 
Infragranular zone  1/80         750x750µm       400µm2            5µm           1µm 
 
Data analysis 
         An analysis of covariance (ANCOVA) with age as covariate was utilized to 
determine if there were differences in numbers in the types of glia with age, in each of the 
measures. Pearson’s correlations with age as a continuous variable were used to 
determine if there were significant linear relationships between age and estimates of total 
and individual numbers of glia in the infragranular zone of area 17. 
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RESULTS 
 
Labeling the types of glia with specific antibodies enabled easy distinction between 
microglia, astrocytes and oligodendrocytes. Estimates of individual and total number of 
glia were obtained in a cohort of 12 behaviorally assessed male and female aging rhesus 
monkeys. 
 
Volume measures: Volume estimates for the infragranular zone were obtained using the 
Cavalieri method (Table 4). There was no significant correlation between age and the 
volume of the infragranular zone (Figure 5). 
 
Numbers of glia: Estimates of individual and total numbers of glia were made using the 
optical fractionator (Table 5). Table 6 shows the coefficient of error (CE) estimates for 
glial counts in the infragranular zone in all subjects. The mean CE values were less than 
0.04 for the region assessed. Figure 9 shows the estimated number of glia vs. age and it 
can be observed that there was no significant increase in both individual as well as total 
glia cells in the infragranular layer with age (Figures 6,7,8,9)  
 
Relationship between age and glial numbers: Number of glia vs. age for the 
infragranular zone of area 17 was analyzed. Pearson’s correlation calculated for total glia, 
microglia, astrocytes and oligodendrocytes all revealed no significance (p=0.6, p=0.9, 
p=0.7, p=0.4). Results from the analysis of covariance also revealed no significant 
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increase in glial numbers with age for total glia, microglia, astrocytes, oligodendrocytes 
(p=0.6, p=0.9, p=0.7, p=0.4). Hence there is no significant linear relationship between 
age and total number estimates of glia. 
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Table 4 - Estimated volume of infragranular zone of area 17 (mm3) 
_______________________________________________________________________ 
      Subject     Sex       Age      Infragranular 
    
      AM222        M        7.4   293 
      AM255        F         9.5   323 
      AM194        F        11.9       338 
      AM195        F        12.1  302 
      AM158h        M        16.8       316 
      AM250        F        18.0  293 
      AM153h        M        19.4  331 
      AM216h        M        19.7  382 
      AM242        M        23.5  424 
      AM179        F        23.6  328 
      AM110        M        25.8  371 
      AM104        F        28.9  354 
 
       Mean  337.91 
       SD (±)  39.17  
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Table 5 - Estimated total number of glia in infragranular zone of area 17 
_______________________________________________________________________ 
Subject Sex Age Microglia Astrocytes Oligodendroglia Total 
 
AM222 M 7.4 23,266,040    83,307,432       32,022,078      138,595,552 
AM255 F 9.5 17,073,688    56,830,992       25,366,620      99,271,296 
AM194 F 11.9     38,167,952    132,465,248     67,729,408      238,362,624 
AM195 F 12.1 20,426,348    69,567,992       44,109,064      134,103,408 
AM158h M 16.8     16,610,846    61,460,128 36,306,564     114,377,536 
AM250 F 18.0 19,690,896    52,059,488       27,783,042      99,533,426 
AM153h M 19.4 28,338,778    106,870,808     54,516,120      189,725,696 
AM216h M 19.7 10,588,732    47,119,860       18,530,284      76,238,872 
AM242 M 23.5 28,129,152    98,071,912       46,881,920      173,082,976 
AM179 F 23.6 30,400,198    78,764,152       47,534,860      156,699,210 
AM110 M 25.8 34,483,088    103,449,272     68,138,584      206,070,944 
AM104 F 28.9 12,601,356    79,970,152       39,985,076      132,556,584 
 
 Mean                     23,314,756.2    80,828,036.3       42,408,635       146,551,495 
 SD (±)              8,144,672        25,888,440       7,477,905          41,511,014 
_______________________________________________________________________ 
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Table 6 - Estimated number of glia in the infragranular zone of area 17: coefficient 
of error values 
_______________________________________________________________________ 
Subject Sex Age Microglia Astrocytes Oligodendroglia Total 
 
AM222 M 7.4     0.11  0.06      0.09   0.05 
AM255 F 9.5     0.12  0.07                     0.10   0.05 
AM194 F 11.9         0.10  0.05      0.07   0.04 
AM195 F 12.1     0.12  0.07      0.09   0.05 
AM158h M 16.8         0.12             0.07                     0.08                         0.05 
AM250 F 18.0     0.12  0.07      0.10   0.06 
AM153h M 19.4     0.09  0.05      0.07   0.04 
AM216h M 19.7     0.16  0.08      0.12   0.06 
AM242 M 23.5     0.10  0.05      0.08   0.04 
AM179 F 23.6     0.10  0.06      0.08   0.04 
AM110 M 25.8     0.09  0.05      0.07   0.04 
AM104 F 28.9     0.14  0.06      0.08   0.05 
 
  Mean      0.11  0.06      0.08   0.04 
  SD (±)      0.020  0.010      0.015  0.007 
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Figure 2 
 
Figure 3. Triple labeling with antibodies against Iba1, GFAP and Olig2 clearly 
distinguish the three types of glia in the infragranular zone of area 17. They can be 
identified as follows:     marks microglia cell bodies that are labeled brown with Iba1 
antibody and DAB chromogen; marks astrocyte cell bodies and processes that are 
labeled dark blue using GFAP antibody and SG chromogen; marks oligodendrocytes 
that are labeled light pink with Olig2 antibody and VIP chromogen. 
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Figure 3 	  
                          	  
Figure 4. A photomicrograph of a counting frame used for stereological procedures 
viewed using a 100x oil objective. The x-y dimensions were 20µm x 20µm. Brown 
microglia, blue astrocytes and pink oligodendrocytes were unambiguously identified. 	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Figure 4 
 
Estimated volume of infragranular zone (mm3) vs. age (years) 
 
 
 
Scatter plot showing the estimated volume of the infragranular zone of the primary visual 
cortex in the aging rhesus monkey as a function of age. There was no significant linear 
relationship between the volume of this zone and age (R=0.181, p=0.573, two-tailed).  
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Figure 5 
 
Estimated number of microglia in the infragranular zone vs. age 
 
 
Scatter plot showing the estimated total number of microglia in the infragranular zone of 
the primary visual cortex in the aging rhesus monkey as a function of age. There is no 
significant linear relationship between the number of microglia and age (R=0.0001, 
p=0.99, two-tailed). 
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Figure 6 
 
Estimated number of astrocytes in the infragranular zone vs. age 
 
 
 
Scatter plot showing the estimated total number of astrocytes in the infragranular zone of 
the primary visual cortex in the aging rhesus monkey as a function of age. There is no 
significant linear relationship between the number of astrocytes and age (R=0.004, 
p=0.99,two-tailed). 
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Figure 7 
 
Estimated number of oligodendrocytes in the infragranular zone vs age 
 
 
 
Scatter plot showing the estimated total number of oligodendrocytes in the infragranular 
zone of the primary visual cortex in the aging rhesus monkey as a function of age. There 
is no significant linear relationship between the number of oligodendrocytes and age 
(R=0.033, p=0.918, two-tailed).  
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Figure 8 
 
Estimated total number of glia in the infragranular zone vs. age 
 
 
Scatter plot showing the estimated total number of glia (microglia, astrocytes and 
oligodendrocytes) in the infragranular zone of the primary visual cortex in the aging 
rhesus monkey. There is no significant linear relationship between the total number of 
glia and age. 
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DISCUSSION 
 
The present study was undertaken to quantify glial cell subtypes in the 
infragranular zone of V1 and to identify the increase in the total number of glia across the 
lifespan of rhesus monkeys, as observed by Giannaris and Rosene in 2012. Triple 
labeling with immunohistochemistry with specific antibodies directed against glial cell 
proteins enabled definitive identification of microglia, astrocytes and oligodendrocytes. 
We found no correlation between the number of glia and age and no significant increase 
was found in the numbers of glia in the infragranular zone in a subset of animals from the 
original study (n=12). 
The results of this study are in contrast with previous studies that have all found at 
least one type of glia to increase with aging. Although an increase in glia in the 
infragranular zone was reported (Giannaris and Rosene., 2012), they used a sample of 26 
animals. No significant increase was observed in the mean estimated number of glial 
cells, in our study. This could be due to the sample size of 12 rhesus monkeys for the 
current study. A sample that is larger encompassing the three age groups (young, middle 
aged, old) could yield promising results. In terms of the triple labeling, the quality of 
labeling obtained with Iba1 was superior. Iba1 is a microglia specific calcium binding 
protein that is involved in RacGTPase-dependent membrane ruffling and phagocytosis 
(Shindler et al., 2011). In the studies conducted, it has been noticed that Iba1 is a better 
marker for morphological differentiation of resting-ramified microglia vs. activated-
amoeboid and phagocytotic microglia (Simmons et al., 2011). The level of Iba1 protein 
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expression increases with infection and inflammation within the CNS but since the 
number of microglia did not seem to increase with age in our sample, it could be assumed 
that the subjects were all of good cognitive health. GFAP is the most widely used and 
reliable marker of astroglia (Bignami and Dahl., 1977) which explains its use in the 
current study, but GFAP expression seemed to positively correlate with the degree of 
astrocyte activation (Pekny, 2001). Several reports suggest that GFAP expression is not 
common to all astrocytes, but the calcium-binding protein S100B is probably expressed 
in all astrocytes except some small subpopulations of immature cells in the neurogenic 
zones (Kielbinski and Soltys, 2009). The highest level of its expression is in the brain and 
is primarily found in the cytoplasm of astrocytes (Van Eldik et al., 1984).  In addition, 
S100B stimulates GFAP expression (Reeves et al., 2014) and hence could be a much 
more accurate way of labeling astrocytes. A characteristic feature of astrocytes is their 
irregular shapes that seem to be determined by the contours of the elements in the 
surrounding neuropil (Peters et al., 1991). Some processes extend from the cell body and 
they are all of various sizes and give off sheet-like processes that make accuracy with 
stereology hard to rely on.  
Olig1 and Olig2 are the first identified transcription factors that regulate 
oligodendroglial development (Lu et al., 2000) and the expression of Olig2 persists in 
migratory oligodendrocyte precursors from late embryonic stage to adulthood (Wegner et 
al., 2001). Due to the intranuclear localization, we thought it would be advantageous to 
use Olig2 to detect oligodendrocytes. The staining was lighter than the other two labels 
and hence more optimization might be required. Extensive immunohistochemical studies 
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with anti-Olig2 has shown that the effect of antigen retrieval by autoclaving results in 
superior staining (Yokoo et al., 2004) The study compared sections labeled with Olig2 
with and without autoclaving and suggests soaking rehydrated tissue sections in PBS or 
citrate buffer and heating to 120°C for 10 minutes. Hence more sensitive and robust 
immunohistochemical antibodies directed against cell type specific markers need to be 
used to ensure significance in the results that could also avoid misclassification of the 
types of glia. 
Design-based stereology has become the standard investigative method in 
quantitative histology. While it provides valuable information, it also has some 
limitations that need to be considered. They can still lead to biased estimates (Bartheld, 
1999) and vastly different estimates of neuron numbers have been obtained for the same 
structure in the same species, using the same unbiased method - eg: 80,000 vs 205,000 
hippocampal CA1 neurons per half mouse brain (Calhoun et al., 1998; Insausti et al., 
1998).  The reports of glial numbers in the infragranular zone reported by Giannaris and 
Rosene in 2012 account for half of the numbers that the results of this study has reported. 
In conducting the same study with the original sample size (n=26) could yield results that 
are consistent with previous findings. Similar studies of glial populations have reported 
an increase in the frequency of the oligodendrocyte subpopulation of glial cells in all 
layers of area 17 with age (Peters et al., 2008). The study utilized density counts of the 
number per unit area of different glial cell populations in 6 young and 6 old male and 
female plus 4 middle-aged male monkeys. Since the oligodendrocyte population accounts 
for approximately 55% of all glia in layers V-V1 (infragranular zone) and a 50% increase 
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was found with age (Peters et al., 2008) we could expect a significant increase in the 
number of oligodendrocytes with a larger sample. An increase in oligodendrocytes might 
reflect remyelination in response to dengerative alterations occurring in myelin sheaths 
(Peters, 1960), which could account for the loss of visual function as seen in aging. 
Assessment of the method CE and its components (assessing the amount of random error 
introduced by the various parts of stereology) could allow for fine tuning of the method 
for increased efficiency, but in this case although all of the CE values were at an average 
of 0.04, it should be considered if the number of cells counted can still be lowered 
without decreasing the level of precision. 100% of tissue could also not be available for 
analysis due to occasionally sections getting torn or lost during immunohistochemical 
processing. It is also important to remember that immunohistochemical techniques based 
upon quantitative studies have distinct challenges associated with penetration of the label 
through the sections in their full thickness (Dorph-Petersen and Lewis, 2011).  
Although the counts of total and individual numbers of glia obtained in this study 
do not correspond to any previous published accounts, there are several variables that can 
be modified and considered. This is important because understanding and identifying the 
change in glia translates into knowing its function in normal aging as well as brain 
dysfunction. Future quantitative morphological analyses could contribute to defining the 
exact parameters that are required to characterize different modes of glial function, in 
activation and dystrophy and further help our understanding of the nature of glial cells 
during aging.  
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